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ABSTRACT 
This paper reports citrate-stabilized silver nanoparticles (AgNPs) synthesized by nitrate ion chemical 
reduction with sodium borohydride, at different pHs (2–9). The AgNPs synthesized by this method exhibited 
size distribution from 5 to 249 nm, depending on pH, as determined by dynamic light scattering, and 
morphology spherical, as determined by transmission electron microscopy. In pH range 3–7 occurred 
aggregation of the nanoparticles. The size distribution depending on pH was determined by dynamic light 
scattering. The zeta potential was determined, and the colloidal stability was correlated with nanoparticles 
aggregation at different pHs. The size-dependent antimicrobial activity was evaluated for two solutions, 
wherein both samples exhibited antimicrobial activity, although the smallest AgNPs without agglomeration 
have enhanced antimicrobial properties. 
Keywords: Silver Nanoparticles, Zeta Potential, Dynamic Light Scattering, Size Distribution, Antimicrobial 
Activity. 
RESUMO 
Este trabalho relata nanopartículas de prata estabilizadas com citrato (AgNPs) sintetizadas pela redução 
química do íon nitrato com boro-hidreto de sódio, em diferentes pHs (2-9). As AgNPs sintetizadas por este 
método apresentaram distribuição de tamanho de 5 a 249 nm dependente do pH, conforme determinado por 
espalhamento dinâmico de luz, além de morfologia esférica, conforme determinado por microscopia 
eletrônica de transmissão. Na faixa de pH de 3 a 7 ocorreu a agregação das nanopartículas. A distribuição de 
tamanho, dependendo do pH, foi determinada por espalhamento dinâmico de luz. O potencial Zeta foi 
determinado e a estabilidade coloidal foi correlacionada com a agregação de nanopartículas em diferentes 
pHs. A atividade antimicrobiana dependente do tamanho foi avaliada para duas soluções, em que ambas as 
amostras exibiram atividade antimicrobiana, embora as menores AgNPs sem aglomeração apresentaram 
propriedades antimicrobianas melhores. 
Palavras-chave: Nanopartículas de Prata, Potencial Zeta, Espalhamento Dinâmico de Luz, Distribuição de 
Tamanhos, Atividade antimicrobiana. 
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1. INTRODUÇÃO 
Metal nanoparticles have attracted great interest in several areas, such as chemistry, physics, biology, and 
materials engineering. Among noble-metal nanoparticles, silver nanoparticles (AgNPs), has been widely 
studied due to their different physical, electronic, mechanical and chemical characteristics, such as high 
surface area/volume ratio, which stands out because it is not found in conventional materials and allows 
unusual applications of these materials, such as consumables, including soaps, toothpaste, and textile 
industries [1-3]. 
The AgNPs can be synthesized by different methods, such as the chemical reduction of metal ions in 
aqueous solutions, with or without stabilizing  [4], or using the thermal decomposition of metal compounds 
in organic solvents [5]. Each synthesis route leads to peculiarities in the results related to morphology and 
size, producing nanoparticles spherical, elliptical, cubic, cylindrical, in the form of discs, dendrites, rods or 
wires, with different size dispersions [5-7]. The process involving the reduction of silver salts in an 
appropriate medium has been reported in the literature using various reducing agents, such as sodium 
borohydride [8], hydrazine hydrate [9], sodium citrate [10], and ascorbic acid [11]. In a reducing 
environment, some syntheses use a surface stabilizer and other are based only on reducing AgNO3 with 
sodium borohydride (NaBH4). In the case of routes without using surface stabilizer, smaller nanoparticles are 
formed, which are less stable over time [10-12]. The use of ligands allows obtaining larger nanoparticles; 
however, they are more stable over time [13-15]. The choice of a suitable ligand is extremely important for 
obtaining every type of nanoparticle [6]. Sodium citrate is the most commonly used stabilizer; it has the 
advantage of being compatible with biomolecules and can easily be exchanged on the other ligand [7]. The 
methods using sodium citrate are quite simple, effective, the synthesis is rapid, and is characterized by the 
appearance of a yellow color; however, one must take extreme care with the conditions because the AgNPs 
formed in this conditions, different from other stabilizers, are very unstable [2, 7]. 
Different routes presented in the literature show that the metallic AgNPs have different morphologies 
and sizes, being strongly influenced by synthesis route, as well as their final properties [3, 5, 16]. There are 
recent studies in the literature about pH and size-effect, which show that the dissolution of AgNPs depends 
on the medium [17, 18], and the nanoparticles size are directly affected by the pH adjusted, this pH 
influences in the size-effect can be observed by the colors, from colorless to yellow [19 -21]. However, there 
no found studies reporting the use of the Dynamic Light Scattering (DSL) technique with Zeta potential 
measurements to evaluate this pH effect on the size and stability of nanoparticles formed by the sodium 
borohydride reduction method using sodium citrate as a stabilizing agent. So the DSL results of silver 
nanoparticles prepared with a very simple synthesis method, stabilized with citric acid, at different pHs, 
correlating their aggregation with the Zeta potential, are discussed in the present study. 
A common AgNPs application is because they have activity against Gram-positive and Gram-negative 
bacteria, viruses, yeasts and filamentous fungi. Studies on AgNPs have attracted great interest; one of the 
reasons for these studies is the increase in antibiotic-resistant bacteria [1, 4]. The AgNPs present a broad-
spectrum bactericidal action due to the presence of silver, which leads to numerous applications of this 
material. Furthermore, the relatively low cost of manufacturing these nanoparticles should be noted.  
The antibacterial efficacy of these nanoparticles is another important focus in the studies on AgNPs, 
some papers reported the dependence of the bacterial activity with regard to the size of these nanoparticles 
[22, 23]. In this work, AgNPs were prepared from aqueous silver nitrate (AgNO3) solution using sodium 
borohydride (NaBH4) as the reductant and sodium citrate (Na3C6H5O7) as the stabilizer; the reduction method 
was used in aqueous media, as a simple route in the AgNPs preparation. Besides that, the influence of the pH 
was studied, and the antibacterial activity depending on the size of the Ag nanoparticles was evaluated 
against two different bacteria: Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) 
and a fungus (Candida albicans). 
 
2. MATERIALS AND METHODS 
2.1 Materials 
Silver nitrate (AgNO3) and sodium borohydride (NaBH4, 97%) were obtained from Sigma-Aldrich (St. 
Louis, MO, USA), sodium citrate (Na3C6H5O7), nitric acid (HNO3), and sodium hydroxide (NaOH) were 
obtained from Synth. All of the chemicals were used without additional purification. Milli-Q grade deionized 
water (Millipore) was used for the preparation of the solutions. Two bacterial strains, one Gram negative, 
namely Escherichia coli ATCC 53338, another one Gram positive, namely Staphylococcus aureus ATCC 
29373, and a fungus strain, Candida albicans ATCC 10231, obtained from the Oswaldo Cruz Foundation, 
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were subjected to this analysis. The nutrient medium used was Sabouraud, from HiMedia Laboratories, with 
bacteriological agar as a solidifying agent. 
 
2.2 Synthesis of AgNPs 
The AgNPs synthesis was performed based on a previously reported method [24]. Silver nitrate (AgNO3) 
were reduced via sodium borohydride (NaBH4), to obtain metallic silver (Ag
0
), according to reaction (1): 
 
AgNO3(aq) + NaBH4(aq) + 3H2O(ℓ)  Ag(s) + H3BO3(aq) + 7/2 H2(g) + NaNO3(aq)                 (1) 
 
During the process, Na3C6H5O7 was used as an additive to prevent the aggregation of particles. In this 
way, 8.7 mL Milli-Q water was added to a beaker with 10 mL of AgNO3 (4.0  10
–4
 M) and 0.5 mL of 
Na3C6H5O7 (4.0  10
–2
 M). Then 0.8 mL of NaBH4 was added under stirring (5.0  10
–2
 M) and the solution 
was kept stirring for 15 min, controlling the pH in the range 2–9 as required, with HNO3 (0.1 M) and NaOH 
(0.1 M). 
 
2.3 Characterization of AgNPs 
UV-vis absorption spectra were acquired on a Shimadzu UV-2550 spectrophotometer. The absorption 
measurements were performed with 10 mm quartz cuvettes (Shimadzu) using air-saturated solutions at room 
temperature, in the range 200–600 nm. The optical characterization was performed at room temperature and 
under ambient conditions without any post-preparative treatment to the as-prepared AgNPs. 
The zeta potential () and the particle size distribution of the aqueous dispersions was determined by 
dynamic light scattering (DLS) using a Delsa Nano 2.31 apparatus from Beckman Coulter. DLS technique 
consists in the measurement of the time-dependent fluctuations in the intensity of light scattered by particles, 
which are in constant Brownian motion and relates this to the particle size; these stems from the fact that a 
small particle illuminated by a light source scatters light in all directions. Transmission electron microscopy 
(TEM) images of the AgNP samples were taking using a JEOL microscope JEM 2100 FEG-TEM operating 
at 200 kV. The as-prepared samples were diluted several times before dropping them onto ultrathin carbon-
coated copper grids of 400 mesh, the excess solvent being previously evaporated. 
 
 2.4 Analysis of the antimicrobial activity of AgNPs 
The antimicrobial effect of two different AgNP solutions, prepared at pH 4 and 9, on Gram-negative 
(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria and on a fungus (Candida albicans) 
was investigated by the Zone of Inhibition (ZOI) in the disk diffusion test. The nutrient medium used was 
Sabouraud, which is composed of 10 g L
–1
 of peptone and NaCl, and 5 g L
–1
 of yeast extract supplemented 
with 16 g L
–1
 of bacteriological agar as a solidifying agent. 
Silver-impregnated disks were prepared by loading Whatman filter papers (5 mm diameter) with AgNP 
solutions. AgNP impregnated filter papers were left to dry. The bacterial suspension (200 µL) was applied 
uniformly on the surface of a nutrient Sabouraud agar growth plate and the disks were gently placed on top of 
the agar. Plates with a clean filter paper, without AgNPs, were used as controls. The plates were incubated 
for 24–48 h at 37 C, after which digital images of the plates were captured and the inhibition zone 
surrounding the disks was determined. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Synthesis of Nanoparticles 
Chemical reduction of AgNO3 (4.0  10
–4
 M) was performed with NaBH4 (5.0  10
–2
 M) as reduction agent. 
Initially, the nucleation of nanoparticles occurred by means of an inducing process starting from a 
supersaturated solution forming AgNP cores. From the core formed the nanoparticles were grown by a 
diffusion process. Prior to the NaBH4 addition, Na3C6H5O7 (4.0  10
–2
 M) was added, as stabilizer agent, to 
prevent the AgNPs aggregating over time. Immediately after the reduction, the pH was controlled by 
dropping HNO3 (0.1 M) and NaOH (0.1 M), under stirring to obtain eight solutions at different pH values, 
then the stability study of AgNPs was conducted according to pH variation. Figure 1 shows AgNP solutions, 
prepared in a first moment, at pH 8.9 + 0.15 , 4.2 + 0.10 , and 2.3 + 0.32, the yellow color of the solution at 
pH 8.9 + 0.15  is characteristic of formation of AgNPs, whereas the case of solutions with pH 4.2 + 0.10 and 
2.3 + 0.32,  exhibiting gray coloring indicates AgNPs aggregation.  
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Figure 1: AgNP solutions prepared at pH = 8.9 + 0.15 (a), 4.2 + 0.10 (b), and 2.3 + 0.32 (c). 
 
3.2 Characterization by Spectroscopy 
UV-vis spectroscopy is a quick method for preliminary characterization of AgNPs that can be used to relate 
size parameters, shape, electron density, and other properties. These parameters are related to the optical 
absorption band, the maximum value of optical absorption (Amax), the wavelength of maximum absorption 
(λmax) and the full width at half height (FWHH) [15]. Figure 2 shows the UV-vis spectra of AgNP samples 
prepared at different pH values. 
  
 
Figure 2: UV-vis spectra of AgNPs at different pHs. 
 
The Figure 2 spectra shows a band around 390 nm, which is due to AgNPs surface plasmon resonance 
[24, 25]. The single band is an indication of the spherical shape of synthesized AgNPs, as spherical 
nanoparticles have only one oscillation mode of the surface plasmon [24]. The narrow FWHH obtained for 
solutions at pH less than 3 and greater than 7 indicates the presence of smaller nanoparticles with a size 
variation between 19.9 nm and 5 nm. However, in the pH range of 3–7, the spectra set showed broader bands 
that may result from aggregation of the nanoparticles in solution [15, 25].  
The as-produced sols, specifically the yellow-colored silver, produced a characteristic absorbance peak 
at 386 nm, this wavelength of visible light creates a deep violet. From the UV-vis data, comparing the 
plasmon resonance wavelengths with the literature, the nanoparticles’ size can be estimated as being from 10 
to 20 nm for the silver sols [24, 25]. 
 
3.3 Size distribution and Zeta potential 
To evaluate the average size, size distribution, and possible aggregation of AgNPs, the DLS technique was 
used. Figure 3 exhibits the graphs from diameter depending on the differential number (%) at different pH 
values: 2.63, 3.60, 4.25, 5.90, 7.25, 8.07, and 9.05, respectively. 
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Figure 3: Diameter depending on the differential number (%) at different pH values: 2.63 (a), 3.60 (b), 4.25 
(c), 5.90 (d), 7.25 (e), 8.07 (f), and 9.05 (g). 
 
The size comparison showed that the solutions with pH less than 3 and greater than 7 have smaller 
nanoparticles, whereas, in the pH range 3–7, the nanoparticles have a larger size, which is consistent with a 
possible aggregation of the nanoparticles. The pH is directly related to the stability of the nanoparticles. The 
change in pH can alter the double-layer properties that can directly influence the zeta potential of the system, 
making the chances of flocculation or coagulation, because each type of nanoparticles is stable near the 
isoelectric point. AgNPs exhibited an effective charge change in aqueous conditions, from positive (in low 
pH) to negative (at high pH), with an isoelectric point between them, in which it presented a smaller size 
value [26]. 
The nanoparticles sizes are smaller than some related in the literature [21, 27, 28]. AJITHA et. al. used 
the reduction method, pH between 6 and 12, however the smallest crystallite size was 14 nm [21]. The 
nanoparticles at pH less than 3 and greater than 7 are possibly less aggregated with a better colloidal stability 
of the solution. The colloidal stability of nanoparticles can be explained by a good adsorption of ligands on 
the surface of colloidal particles [29]. 
In this study, we used sodium citrate as a surface ligand, a salt from citric acid (2-hydroxy-1,2,3-
propanetricarboxylic acid), which is a weak organic acid containing three ionizable groups whose pKa values 
are 3.15, 4.77, and 6.40. Thus, below pH 3.15, the most part of their acid groups are protonated, resulting in a 
charge increasingly close to zero as the medium becomes more protonated [29]. To ascertain the interaction 
of the sodium citrate with the AgNPs as well as the aqueous medium, the surface charge of the nanoparticle 
systems was determined using zeta potential measurements. 
Table 1 presents the zeta potential values and the average size of AgNPs as a function of pH.  
 
Table 1. Zeta potential values and the average size of AgNPs as a function of pH. 
 
pH Zeta Potential (mV) Size (nm) 
2.63 12 18.7 
3.60 –37 232 
4.25 –66 249 
5.90 –69 67.8 
7.25 –66 19.9 
8.07 –66 8.7 
9.05 –61 5 
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It is observed that the value of the zeta potential is more positive at more acidic pH due to dissociation 
of some H
+
 and total protonation of the carboxyl groups of sodium citrate, and at higher pH values there is an 
increase of OH
–
 ions in the dissociated solution and deprotonation of the carboxyl groups of citric acid gives 
a more negative zeta potential. As the lowest pKa of citric acid is 3.15, the zeta potential values are coherent 
because at this pH all ionizable groups are protonated. This corresponds to the isoelectric point, and the zeta 
potential should be zero [30].  
A minimum zeta potential of more than –30 mV is required for good physical stability, and of more 
than –60 mV for excellent stability [31]. Thus, from the zeta potential results, the silver colloidal solutions at 
pH greater than 4.25 are supposed to be less stable than at pH 2.63 or 3.6. 
Figure 4 illustrates graphically the variation in the average size and zeta potential of AgNPs as a 
function of pH. 
 
 
Figure 4: Variation in the zeta potential and average size of AgNPs as a function of pH. 
 
In the pH range of 3–6, the nanoparticles are less stable, with larger sizes due to AgNP aggregation. 
This aggregation is due to the presence of electrostatic interactions between partially ionized sodium citrate 
groups. At the pH range lower than 3 and greater than 7, the AgNPs are less aggregated, because in pH lower 
than 3 all groups are protonated, working against the electrostatic interaction. Conversely, at pH greater than 
7, all groups are deprotonated favoring the repulsion between the nanoparticles, which discourages their 
aggregation. 
 
3.4 TEM Characterization 
The AgNPs shape and size were studied by TEM operating at 200 kV. Figure 5 shows TEM images of the 
AgNPs prepared at pH 4.25 and 8.07. Samples prepared with pH 4.25 and 8.7 were selected for TEM 
measurement, due to the fact that they presented in one case agglomerated nanoparticles and in the other 
values indicating non-agglomeration of the material. 
 




Figure 5: TEM images of AgNPs at pH 4 (A) and pH 8 (B). 
 
The formation of roughly spherical nanoparticles can be confirmed by images in Figure 5, as observed 
in the UV-vis spectrum (Figure 4). The shape of the particles is not well defined but smaller particles have a 
spherical-like shape. The TEM image in Figure 5a shows nanoparticle agglomeration at pH 4.25, as observed 
by DLS, producing agglomerates with average sizes up to 249 nm, showing that in this condition the system 
is less stable. Figure 5b shows a TEM image of a sample obtained at pH 8.07; at this pH the nanoparticles are 
nonagglomerated, yielding nanoparticles that are more stable in these conditions. This result is in agreement 
with the data from DSL and zeta potential measurements; besides, Bastús et al. showed the roughly spherical 
shape and the fact that AgNPs formed were more agglomerated in lower pH, as in this case [32]. 
Thus, by using the techniques of characterization by UV-vis spectroscopy, DLS and zeta potential, and 
TEM, the AgNPs synthesis stabilized with sodium citrate was confirmed. The reaction conditions strongly 
influence the nanoparticles’ shape and stability, and the pH was a determining factor in the stability and 
aggregation of nanoparticles. 
 
3.5 Effect of AgNPs on bacterial growth 
In this study, the size-dependent antimicrobial activity for AgNP samples was tested for three 
microorganisms. The AgNPs were prepared at pH 4.25 and 9.05, and their activity was analyzed by 
measurements of the ZOI. By this method, a greater ZOI correlates with a greater activity of AgNPs. 
Samples with extreme values were selected for antimicrobial activity measurements. Samples with pH 
4.25, with a reported size of 249 nm, and a sample with pH 9.05 with a size of 5 nm were selected. Table 2 
summarizes the ZOI of disk diffusion tests of AgNP solutions prepared at pH 4.25 and 9.05, against Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria and a fungus (Candida 
albicans).  
 
Table 2. The ZOI values for different microbial strains as a function of AgNP solutions’ pH. 
Microbial strain  Control  AgNPs – pH 4 (mm) AgNPs – pH 9 (mm) 
Candida albicans  –  0.233 + 0.06 0.333 + 0.06 
Staphylococcus aureus  –  0.167 + 0.06 0.333 + 0.06 
Escherichia coli  –  0.167 + 0.06 0.333 + 0.11 
 
The sample prepared at pH 4.25 exhibited agglomerated nanoparticles as already discussed, while the 
sample prepared at pH 9.05 exhibited smaller nanoparticles with no agglomeration. Both AgNP samples 
presented a small inhibition halo around the papers, proving that both samples had antibacterial activity. 
Bastús et al. also proved that at pH lower than 10, the AgNPs antibacterial effect is better 43 [30]. In contrast, 
Oukarroum et al. showed that the more acidic pH has a stronger cytotoxic effect on algal cells of C. 
acidophila 25 [18]. A quantitative analysis was performed by measuring in mm the ZOI around the papers. 
These results were obtained by subtracting the paper disk diameter from ZOI for all the microbial strains. No 
50 nm 
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significant differences were observed in the antimicrobial effect between the microbial strains tested, the 
greater antimicrobial activity is noticed for small nanoparticles. 
 
4. CONCLUSIONS 
In this study, AgNPs were synthesized by a chemical reduction method and the effect of pH on the colloidal 
stability of these nanoparticles was evaluated. The pH influence in the formation of AgNPs is extremely 
important. It was possible to characterize the formation of AgNPs stabilized with sodium citrate by means of 
UV-vis spectra, which showed a single band at 390 nm due to the spherical morphology of the nanoparticles 
and the surface plasmon resonance effect. From the TEM images, it was possible to confirm the morphology 
of spherical AgNPs, as well as its state of aggregation at different pH values. Moreover, through the variation 
of the pH, it was possible to observe a higher aggregation in the pH range between 3 and 7. At a pH lower 
than 3 and higher than 7, it was observed that there was less aggregation. From this study, we can confirm 
that the stability of AgNPs is highly influenced by pH. The synthesized AgNPs were found to have more 
antimicrobial potential than those described in earlier reports. The effect was more pronounced in smaller 
AgNPs obtained at higher pH values. 
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